Background
[2] There is still a great deal of discussion about whether primary production in coastal zones is exported or respired [Gattuso et al., 1998 ]. Nearshore areas are generally considered to be heterotrophic, where CO 2 sequestration is thought to be small because of respiration and denitrification. It has been estimated to be of the order of 0.2 Pg C y À1 [Smith and Hollibaugh, 1993; Walsh, 1991] . Given the small surface area of continental margins relative to the area of the global ocean, and the complexity of oceanographic processes on these margins, they are frequently viewed as ''coastal'' environments. Furthermore, the difficulty in increasing the spatial resolution of global numerical models has led to a tendency to ignore primary production along margins altogether. Boundary conditions for global ocean carbon cycle models are typically set at the shelf break, with no exchange between the deep ocean and continental shelf waters assumed. Past efforts to assess global ocean primary production using models or historical data also aggregate analyses into 1°Â 1°resolution and are restricted to oceanic depths greater than 200 m [see, e.g., Gregg et al., 2003] .
[3] Therefore, two relevant questions are: How good are global carbon assessments if continental margins are omitted? And, how much particulate organic carbon (POC) reaches ocean depths where it may be considered ''sequestered''?
[4] New production [Dugdale and Goering, 1967] by phytoplankton, i.e., that amount of CO 2 fixed during photosynthesis that is available for export from the euphotic zone, is estimated to be about 2.9 Pg C y À1 in the deep ocean [Walsh, 1991; Liu et al., 2000] (>2000 m water depth, a total of 31 Â 10 7 km 2 ). Over the smaller area of the world's continental shelves and slopes (<2000 m depth, 4.8 Â 10 7 km 2 ), new production is estimated at $3.7 Pg C y À1 [Walsh, 1991; Liu et al., 2000; Jahnke et al., 1999] . These estimates are based on carefully made but sparse measurements that do not account for variation in time. They suggest that margins play an important role in the global carbon budget, but the question remains as to whether this carbon is sequestered or not. There are relatively few observations of the vertical flux of settling particles in the deep ocean [Francois et al., 2002; Lutz et al., 2002; Jahnke, 1996; Deuser et al., 1990; Conte et al., 2001 ] and on margins [Jahnke et al., 1999; Honjo, 1982; Dymond and Lyle, 1994; Thunell et al., 1996 Thunell et al., , 2000 Muller-Karger et al., 2004] . These studies all observe an extremely rapid decrease in the flux of organic particles with depth in the upper water column [Francois et al., 2002; Lutz et al., 2002] , which leaves only a very small fraction to reach the average depths of the ocean (about 4,000 m) [Jahnke, 1996] . In this study we use these historical studies as a basis to examine the importance of carbon sequestration via the biological pump [Volk and Liu, 1988] on continental margins relative to the deep ocean.
Methods
[5] We used satellite data to estimate global POC fluxes to the sea floor (depths >50 m). Sea surface temperature (SST,°C), surface chlorophyll-a concentration (chl, mg m À3 ), and Photosynthetically Active Radiation (PAR, mol photons m À2 day À1 ) were derived from global satellite observations (1998 -2001) . Monthly averages of SST derived from the Advanced Very High Resolution Radiometer (AVHRR) were obtained from NASA's Jet Propulsion Laboratory Physical Oceanography Distributed Active Archive Center [Vazquez et al., 1998 ]. Chlorophyll and PAR were derived from the Sea-viewing Wide Field-ofview Sensor (SeaWiFS) Level-3 products, obtained from NASA's Goddard Space Flight Center (GSFC DAAC; Version-4 chl and PAR [McClain et al., 1998; R. Frouin et al. (2001) ; algorithm to estimate PAR from SeaWiFS data available at http://daac.gsfc.nasa.gov/data/dataset/ SEAWIFS/01_Data_Products/03a_PAR/index.html]). These satellite data were mapped to 9 Â 9 km 2 per pixel at the equator. To minimize errors in chlorophyll estimates due to bottom reflection or other optical problems in coastal waters, assessments were derived only for waters deeper than 50 m. Net primary production (NPP) is an estimate of the carbon fixed by photosynthesis minus plant respiration in the euphotic zone. We computed monthly mean global ocean NPP using the Vertically Generalized Production Model (VGPM) [Behrenfeld and Falkowski, 1997] . The model estimates depth-integrated NPP (gC m À2 day
À1
) based on surface chlorophyll (mg m À3 ), surface PAR, and SST. The accuracy of the VGPM model has been tested [Campbell et al., 2002] , and it has been used to study global primary production over short [Behrenfeld et al., 2001] and decadal scales [Gregg et al., 2003] .
[6] Sinking POC flux was computed using an exponential decay model [Pace et al., 1987] (flux(Z) = 3.523* NPP*Z À0.734 ). This model relates NPP to the depthdependent POC flux determined as part of the VERTEX program in the northeastern Pacific . A number of open ocean studies have demonstrated that the export ratio (the proportion of POC flux to integrated euphotic zone net primary production) decreases exponentially with depth, due to decomposition and consumption of the POC. Several empirical models have been derived from these studies [Francois et al., 2002; Lutz et al., 2002; Pace et al., 1987; Suess, 1980; Betzer et al., 1984] . The Pace et al. [1987] model yielded the best fit to primary production and sediment trap data from the Cariaco Basin [Thunell et al., 2000; Muller-Karger et al., 2004] .
[7] On shelves, only a relatively small fraction of the POC moves laterally as it sinks [Etcheber et al., 1996; Peña et al., 1999] . The statistical funnel [Deuser et al., 1990; Siegel and Deuser, 1997] on margins is very shallow compared to that of the deep ocean. For example, particles settling at 100 m d À1 would intercept the shelf (<200 m) in less than 2 days. Assuming horizontal velocities of about 20 cm s À1 throughout the water column, these particles would travel laterally no more than about 20 km in a day, or about two pixels in our images.
[8] Lateral transport of resuspended material at middepths has been observed in the mid-Atlantic bight off the U.S. east coast, but only 1 -6% of shelf production is transported laterally offshore [Falkowski et al., 1994] . Also, there are some areas where surface upwelling or river plumes extend beyond the edge of the continental margin (e.g., Peru and Gulf of Guinea upwelling, Amazon and Orinoco River plumes). This leads to slightly higher fluxes estimated in the deep ocean.
[9] We do not consider dissolved organic carbon (DOC) and its role in the global carbon cycle, since its removal from oxidation sites of surface water depends mainly upon sinking water, not sinking POC [Walsh et al., 1992] .
[10] To derive a first-order estimate of the POC flux to the bottom, we constrained flux using a global digital bathymetry database [Smith and Sandwell, 1997] . Continental margins were defined as regions where the bottom lies between 50 and 2000 m, and the deep ocean where the bottom is >2000 m.
[11] We assumed that carbon sequestration via the biological pump occurs when POC sinks below the permanent thermocline, where the age of water is between 250 and >500 years [Stuiver et al., 1983] . We defined the bottom of the permanent thermocline as 800 m in the deep ocean and 500 m on continental margins [Ostlund et al., 1987] .
[12] To estimate the amount of carbon buried in sediments, we assumed an average of 30% POC burial efficiency in the deep sea [Jahnke, 1996; Dymond and Lyle, 1994] and an arbitrary 10% on margins (R. A. Jahnke, personal communication, 2004) .
Results and Discussion
[13] Global ocean annual net primary production averaged 47.91 Pg C (1998-2001; interannual variation <±2%; Table 1 and Figure 1) . We estimated an average of 8.99 Pg C y À1 of NPP over continental margins (interannual variability <±2%). Previous estimates [Behrenfeld et al., 2001; Gregg et al., 2003; Morel and Antoine, 2002] for the deep ocean derived with the VGPM using the Coastal Zone Color Scanner (CZCS), SeaWiFS, and AVHRR satellite data are similar to those obtained in this study (38.92 Pg C y À1 NPP) within about 20%. The differences are well within variation associated with disparity in methods used to process the SeaWiFS data.
[14] In the deep ocean, the total amount of POC that reached 800 m was 1.01 Pg C y À1 (±2% interannual variation). Over continental margins, approximately 0.68 Pg C y À1 fell below 500 m (±1% interannual variation). Therefore, the oceanic biological pump sequesters 60% of the carbon in the deep ocean and 40% on continental margins. Clearly, carbon regenerated below 500 m on margins could also move laterally into the deep ocean along isopycnals.
[15] Although the Pace et al. [1987] relationship may not be applicable globally [Francois et al., 2002; Lutz et al., 2002] and factors such as ballasting influence the efficiency of organic carbon flux to the sea floor [Francois et al., 2002; Armstrong et al., 2002] , our results do provide a firstorder approximation of carbon sequestration in continental margins relative to the deep ocean. There is evidence to suggest that carbon flux along continental margins may exceed that predicted from empirical models derived from sediment trap data [Jahnke et al., 1990] . Also, sediment traps may undersample POC flux in the mesopelagic zone by as much as 40% [Francois et al., 2002; Lutz et al., 2002] . Thus, our estimate of continental margin carbon flux must be considered as a minimum value.
[16] The four-year average global POC flux that escaped oxidation during descent to the bottom was 0.93 Pg C y (<±1% interannual variation). About 0.31 Pg C y À1 (±3% interannual variation) were deposited on the sea floor in the deep ocean, and about 0.62 Pg C y À1 (±2% interannual variation) on margins (Table 1 ). Figure 1 shows that POC flux to the seafloor over much of the deep sea is very small ((1.5 gC m À2 y
À1

). The largest flux (>3 gC m À2 y À1 ) occurs under major divergences (equatorial upwelling zones and upwelling areas along eastern ocean margins), under the South Atlantic and Southern Indian Ocean Currents, beneath the north Pacific convergence, and on the continental slopes and shelves. Seamounts and substantial portions of the mid-ocean ridges also show high bottom POC fluxes, especially south of Iceland (>4 gC m À2 y
); these topographic highs received over twice the amount of POC derived from surface production as the surrounding sea floor. The POC flux to the bottom of continental margins (>5 g C m À2 y
) exceeded anything estimated for the deep ocean. Thus, margins are characterized by both high production and high deposition of POC.
[17] It has been estimated that 0.13-0.16 Pg C y À1 are buried in the oceans, with 80-85% of this occurring along continental shelves and deltas [Berner, 1992; Hedges and Keil, 1995] . Our calculated global organic carbon burial rate of 0.15 Pg C (Table 1 ) matches those estimates. Our results suggest that about 0.06 Pg C y À1 may be buried in margin sediments deeper than 50 m (i.e., 40% of the organic carbon stored annually in global marine sediments), and 0.09 Pg C y À1 are buried in the deep sea. However, there is likely to be significant variation in burial rates.
[18] A recent study [Gregg et al., 2003] suggested that deep ocean NPP decreased 2.8 Pg C per decade between the late 1980's and the early 2000's. This would lead to a decrease of perhaps 0.007 Pg C y À1 in the carbon sequestered to >800 m in the deep open ocean. In contrast, just the year-to-year variation in POC reaching the sea floor over margins (±2%) is larger. Even a crude estimate of burial on shelves is also $0.06 Pg C y À1 .
[19] Our high-resolution results demonstrate that margins play an important role in the global carbon cycle. Along margins, natural and anthropogenic perturbations may have an amplified effect on nutrient supply rates because of vigorous exchanges of energy and matter between land, atmosphere, and the ocean [Smith and Hollibaugh, 1993; Walsh, 1991] . Ignoring the role of margins in the ocean's carbon cycle is a serious shortcoming of many carbon cycle models that needs to be addressed. 
